Background: Previous work using quantified EEG has suggested that brain activity in
panic, agoraphobia, post-traumatic stress disorder, mania, bipolar affective disorders, schizophrenia, eating disorders, somatization, and substance abuse/dependence.
Subjects.
From the twin registry, 22 sets of monozygotic twins discordant for CFS were chosen for a 7-day in-person evaluation based on registry information and additional telephone screenings. Twins were required to 1) be at least 18 years of age; 2) be reared together; 3) be discordant for CFS (1 twin met the Centers for Disease Control and Prevention CFS criteria, the other was healthy); 4) discontinue alcohol, caffeine, and all medications known to affect sleep or cognition at least 2 weeks prior to evaluation; and 5) travel to Seattle together. One set of twins did not complete the EEG evaluation and the data from 3 others could not be used in this analysis.
Twins were classified as meeting CFS criteria (Fukuda et al., 1994) according to their responses to a CFS symptom checklist and the diagnoses generated by the Diagnostic Interview Schedule. The same inclusion and exclusion criteria (e.g., body-mass index, specific psychiatric disorders) and review processes were applied to the fatigued and healthy twins.
Medical records for the last 5 years were reviewed by a physician knowledgeable about CFS for exclusionary medical conditions (including recurrent head trauma with prolonged loss of consciousness). A psychologist and an infectious disease specialist also independently reviewed the medical charts to verify illness/health status and approve twins for participation.
Prior to the scheduled visit, we confirmed that the ill twin still met CFS criteria and the control twin was healthy and not fatigued.
Zygosity was initially determined using validated self-report methods (Torgersen, 1979; Eisen, Neuman, Goldberg, Rice, & True, 1989) , then confirmed by restriction fragment length polymorphisms. DNA was extracted from peripheral blood mononuclear cells, digested with Hae lll, separated by agarose electrophoresis, blotted onto a nylon membrane, and hybridized with 6 variable number repeat tandem probes to determine monozygosity with a certainty of ≥ 99.9% (Pascual-Marqui, Michel, & Lehmann, 1994 ) was used to compute LORETA current density in the frequency domain directly from the average cross-spectral matrix (Frei et al., 2001 ). This LORETA implementation incorporates a 3-shell spherical head model registered to recognized anatomical brain atlas (Talairach & Tournoux, 1988) , and makes use of EEG electrode coordinates derived from cross-registration between spherical and realistic head geometry (Towle et al., 1993) . The solution space is restricted to cortical gray matter using the digitized probability atlas of the Brain Imaging Center at the Montreal Neurological Institute (Collins, Neelin, Peters, & Evans, 1994) , divided in 2394 voxels measuring 7 x 7 x 7 mm.
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Data Analysis. For every frequency band and subject, the current density modules at each voxel (current density amplitude) were smoothed with a 10.5 mm 3-dimensional moving average filter, normalized, and finally log-transformed. Log-transformation of power estimates is routinely performed in EEG and LORETA to approximate data gaussianity (John, Prichep & Easton, 1987) . With LORETA, some smoothing is advisable to reduce anatomical and localization errors due to inter-individual differences in head geometry and electrodes placement. In general, local maxima can be visualized in slightly different locations. Spatial normalization consists of normalizing the square root of the sum of squared current density values for each subject at all voxels to equal unity. This manipulation eliminates confounding variables such as the inter-individual variability in skull thickness and electrode impedance, without constraining the analysis on relative power measures, which is the solution usually adopted in EEG studies. Current density amplitude estimates computed and pre-processed as described provided the data for statistical analysis.
To compare the current density amplitude of the CFS and healthy twins, we used the randomization-permutation multiple comparison t-sum approach (Congedo, Finos, & Turkheimer, 2004) . Data-permutation approaches can adaptively account for the correlation structure of the variables, an embedded feature of all electrophysiological measurements (Holmes, Blair, Watson & Ford, 1996) . We performed one test for each of the 9 frequency band-pass regions (delta, theta, alpha1, alpha2, beta1, beta2, beta3, beta4, and beta5) . For the whole data set (2,394 x 9 variables), voxel-by-voxel paired (twin-matched) t-tests were computed. A threshold of significance (if the global null hypothesis was false) was then computed by the t-sum method. For all bands, we tested the hypothesis that the mean LORETA current density amplitude of the 2 groups differed by subtracting the values for each CFS twin from that of their healthy co-twin (Congedo et al., 2004) .
RESULTS
The average age for the 17 pairs of twins was 40.6 years, 88% were female, and hal-00460501, version 1 -1 Mar 2010 100% were white. CFS twins differed from their co-twins in the frequency of being employed (53% versus 88%, p = 0.034), current depression (24% versus 0%, p = 0.046) and in educational level (13.7 versus 14.4 years, p = 0.048). Among the twins with CFS, 47% reported an acute onset with a flu-like illness with an average fatigue duration of 7.4 years.
The majority of the frequency band parameters were similar in the CFS and healthy twins: alpha1 (-1.83 difference), alpha2 (-2.46 difference), beta1 (2.01 difference), beta2 (-.42 difference), beta3 (-.34 difference), beta4 (2.52 difference), and beta5 (-1.94 difference). Figure 1 illustrates that the LORETA current source density in the delta (2-3.5 Hz) band was higher in the CFS twins than among the healthy twins in the left uncus and parahippocampal gyrus (Brodmann areas 28, 36, 38 and 20) . Figure 2 illustrates that theta also was higher in the CFS group in the cingulate gyrus (Brodmann areas 24 and 32) and right precentral gyrus of the frontal lobe (Brodmann areas 6 and 8). The maximum t-statistic, or maximum t-value across the entire volume was 3.61 and 6.08 for delta and theta respectively, which suggests that the effect for theta is much stronger than the effect for delta. Our study found that the CFS twins had significantly higher levels of current source density in the delta band in the left uncus and parahippocampal gyrus, cingulate gyrus, and right precentral gyrus of the frontal lobe. These findings are consistent with those obtained with quantified surface EEG techniques both in our experience (T. Budzynski, personal communication, 2005) as well as in the literature (Billiot et. al, 1997) . Previous studies have found that slowing of the deeper structures of the limbic system are associated with affect. Limbic inputs from the amygdala, entorhinal and perirhinal cortex, and subiculum, may serve as a visceromotor system to provide frontal cortical influence over autonomic and endocrine function. This system appears to be involved in guiding behavior and regulation of mood. Functional imaging studies indicate that many of these areas also show volume changes and decreased glial number and density in mood-disordered subjects (Price, 1999).
DISCUSSION

LORETA is a technique that facilitates
One aspect of this study that deserves emphasis is the fact that the participants were carefully chosen illness discordant twins. To our knowledge, no previous studies of LORETA involving families or twins have been published. However, previous twin studies have demonstrated that many EEG features are predominantly determined by heredity (Stassen et al., 1988; Christian et al., 1996; Martinovic et al., 1997) , including peak alpha frequency (Posthuma, Neale, Boomsma, & de Gues, 2001) . Of additional relevance, in a study of older adults, 11% of "normal" control subjects exhibited an abnormal EEG (Leuchter, Daly, Rosenberg-Thompson, & Abrams, 1993) , underscoring the value of exceedingly well-matched controls such as the ones we used in this study.
hal-00460501, version 1 -1 Mar 2010
This co-twin control study has several limitations related to our sample selection and methods. Solicitation by advertisement resulted in a volunteer sample of twin pairs with the potential for ascertainment problems. However, the more desirable strategy of systematically identifying twins from a well-defined population-based twin registry is not readily accomplished in the United States. Thus, how representative the twins in this study were either of twins in general, or of persons with CFS, is not known. Because our twins were adults, primarily female, drawn from community practices, and the ill twins met strict criteria for CFS, we can not generalize our findings to other samples and more specialized settings. Nonetheless, the demographic and clinical characteristics of our sample are similar to those previously described in the CFS literature. Fourth, the order of testing of the twins was not formally randomized, so that even though technicians and investigators were blinded, some unrecognized and unaccounted for biases might have resulted.
Finally, of concern given the high rates of depression in CFS, we were not able to control for major depression. Due to the constraints of the procedure implemented, no other factors entered into the statistical design.
In conclusion, objective measures of delta and theta current source density differed in twins with CFS and their healthy co-twins. Because twin studies are especially well suited to the study of illnesses for which the appropriate comparison groups are not clearly defined (Hrubec & Robinette, 1984) LORETA current source density in the theta (4-7.5 Hz) band was higher in the CFS group in the cingulate gyrus (Brodmann areas 24 and 32) and right precentral gyrus of the frontal lobe (Brodmann areas 6 and 8). Coordinates and t-values for this voxel are printed above the picture of the sagittal section. All t-statistics are positive , are displayed in red (the mean of CFS group is greater than the mean of the control group). Displayed are the horizontal (left), sagittal (middle),and coronal (right) sections through the voxel with maximal t-statistic. This image shows significant results only.
